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Abstract: 

An electrochemical fluorination process comprises passing by forced convection 
a liquid mixture comprising anhydrous hydrogen fluoride and fluorinatable 
organic compound, e.g., tripropyl amine, at a temperature and pressure at which 
a substantially continuous liquid phase is maintained, between the electrodes 
(15) of a bipolar electrode stack (16). The bipolar electrode stack comprises a 
plurality of substantially parallel, spaced-apart electrodes (15) made of an 
electrically-conductive mater 
40a 

iai, e.g., nickel, which is essentially inert to anhydrous hydrogen fluoride and 
which, when used as an anode, is active for electrochemical fluorination, and the 
electrodes of the stack are arranged in either a series or a series-parallel 
electrical configuration. The bipolar electrode stack has an applied voltage 
difference which produces a direct current which can cause the production of 
fluorinated organic compound, e.g., perfluoro(tripropyl amine). An 
electrochemical fluorination cell (11) which can be used for carrying out the 
process is also described. 
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0 An electrochemical fluorination process com- 
prises passing by forced convection a liquid mixture 
comprising anhydrous hydrogen fluoride and 
fluorinatable organic compound, e.g., tripropyl 
amine, at a temperature and pressure at which a 
substantially continuous liquid phase is maintained, 
between the electrodes (15) of a bipolar electrode 
stack (16). The bipolar electrode stack comprises a 
plurality of substantially parallel, spaced-apart elec- 
trodes (15) made of an electrically-conductive ma- 
terial, e.g., nickel, which is essentially Inert to anhy- 



drous hydrogen fluoride and which, when used as an 

anode, Is active for electrochemical fluorination, and 
the electrodes of the stack are arranged in either a 
series or a series-parallel electrical configuration. 
The bipolar electrode stack has an applied voltage 
difference which produces a direct current which can 
cause the production of fluorlnated organic com- 
pound, e.g., perfluoro(tripropyl amine). An electro- 
chemical fluorination celt (11) which can be used for 
carrying out the process is also described. 
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This invention relates to an electrolytic cell for 

electrochemical fluorination. In another aspect, this 
invention relates to an electrochemical fluorination 
process. 

Fluorochemical compounds and their deriva- 
tives (sometimes called organofluorlne compounds 
or fluorochemicals) are a class of substances which 
contain portions that are fluoroaliphatic or fluorocar- 
bon in nature, e.g., nonpolar, hydrophobic, 
oleophobic, and chemically inert, and which may 
further contain portions which are functional in na- 
ture, e.g., polar and chemically reactive. The class 
includes some commercial substances which are 
familiar to the general public, such as those which 
give oil and water repellency and stain and soil 
resistance to textiles, e.g., Scotchgard™ carpet 
protector. 

An industrial process for producing many 
fluorochemical compounds, such as perfluorinated 
and partially-fluorinated organofluorine compounds, 
is the electrochemical fluorination process commer- 
cialized initially in the 1950s by 3M Company, 
which comprises passing an electric current 
through an electrolyte, viz.. a mixture of fluorinata- 
ble organic starting compound and liquid anhy- 
drous hydrogen fluoride, to produce the desired 
fluorinated compound or fluorochemical. This 
fluorination process, commonly referred to as the 
"Simons electrochemical fluorination process" or, 
more simply, either the Simons process or Simons 
ECF, is a highly energetic process which is some- 
what hazardous due to the use of anhydrous hy- 
drogen fluoride. Simons ECF cells typically utilize a 
monopolar electrode assembly, i.e.. electrodes 
connected in parallel through electrode posts to a 
source of direct current at a low voltage, e.g.. four 
to eight volts. Such cells vary in size from small 
laboratory cells, which run at currents of from less 
than one ampere to more than 100 amperes, to 
large industrial cells, which run at currents as high 
as 10.000 amperes or more, necessitating the use 
of heavy-duty, high-cost electrical conductors and 
bus-work. The cells can be run continuously, semi- 
continuously. or batch-wise, but the amount of 
product which can be produced is limited by the 
amount of current which can be passed through the 
monopolar electrode assembly, and this is in turn 
limited due to problems with resistive heating in the 
electrode posts. Simons ECF cells are generally 
undivided, single-compartment cells, i.e., the cells 
typically do not contain anode and cathode com- 
partments separated by a membrane or diaphragm. 
Although Simons cells generally rely upon bubble 
generation to effect gas lift or "bubble driven" 
circulation of electrolyte across the monopolar 
electrodes (which is on occasion referred to as free 
convection), external forced convection or agitation 
improves the uniformity of the ECF environment. 



The Simons process is disclosed in U.S. Patent 
No. 2,519,983 (Simons) and Is also described in 
some detail by J. Burden and J. C. Tatlow in 
Advances in Fluorine Chemistry (M. Stacey, J. C. 

5 Tatlow, and A. Q. Sharpe. editors). Volume 1, 
pages 129-37, Butterworths Scientific Publications, 
London (1960), by W. V. Childs, L Christensen. F. 
W. Klink, and C. F. Kolpin in Organic Electrochem- 
istry (H. Lund and M. M. Baizer, editors). Third 

10 Edition, pages 1103-12. Marcel Dekker, Inc., New 
York (1991). and by A. J. Rudge in Industrial Elec- 
trochemical Processes (A. T. Kuhn, editor), pages 
71-75, Marcel Dekker, Inc., New York (1967). 

U.S. Patent No. 3,753.876 (Voss et al.) dis- 

75 Closes a process for electrochemical fluorination 
which comprises circulating a mixture of composi- 
tion to be fluorinated and anhydrous hydrofluoric 
acid as electrolyte through a cooling zone, an elec- 
trolytic cell, and a relatively large storage zone 

20 while removing insoluble fluorination products from 
the electrolyte before a second passage through 
said cell. 

U.S. Patent No. 3.957,596 (Seto) describes a 
process for the production of fluorinated hydrocar- 

26 bons by electrofluorination, which comprises pass- 
ing the reactants in the liquid phase along a con- 
fined flow path between closely spaced-apart elec- 
trodes between which a controlled voltage is ap- 
plied. The reactants are maintained in the liquid 

30 phase by the application of superatmospheric pres- 
sure to the cell, and the reactants are passed 
between the electrodes of the cell in turbulent flow. 
The electrode gap, the turbulence, and the elec- 
trical energy input are controlled to provide im- 

35 proved yield and current efficiency. 

U.S. Pat. No. 4,203,821 (Cramer et al.) dis- 
closes a continuous-flow cell and process for carry- 
ing out electrochemical reactions with improved 
current efficiency. The cell utilizes bipolar elec- 

40 trodes placed in a frame of non-conducting ma- 
terial. 

U.S. Patent No. 4.406.768 (King) describes an 
electrochemical cell assembly comprising an es- 
sentially cylindrical electrolytic chamber containing 

45 a plurality of stacked, bipolar, substantially square 
parallel-planar electrodes separated from one an- 
other by insulative spacers, which also serve as 
channelling means for the electrolyte. The elec- 
trodes are arranged within the chamber so as to 

50 define four electrolyte circulation manifolds. The 
assembly provides means for introducing the elec- 
trolyte at one end of the chamber Into at least one 
and not more than two of the manifolds. It also 
includes means for exiting the electrolyte at the 

55 other end of the chamber. U.S. Patent No. 
4.500.403 (King) discloses a divided electrochemi- 
cal cell assembly having separate anolyte and 
catholyte circulation manifolds. 
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Japanese Patent Application No. 2-30785 
(Tokuyanria Soda KK) discloses a method of 
fluorination wherein the flow of the electrolytic solu- 
tion is controlled so as to have a residence time 
between the electrodes In the range of 0.5-25 sec- 
onds per cycle. 

An undivided electrohydrodimerization cell for 
the electrochemical production of adiponitriie from 
acrylonltrile is described by D. E. Danly In J. Elec- 
trochem. Soc : REVIEWS AND NEWS 131(10). 
435C-42C (1984). The cell comprises a bipolar 
electrode stack fitted with a polypropylene housing 
and contained in a cylindrical vessel, which pro- 
vides a leak-free means of circulating through the 
stack an aqueous solution of a quaternary ammo- 
nium salt as an electrolyte. Plastic electrode exten- 
sions at the iniet and outlet ends of the cell serve 
to limit current by-passing through the electrolyte 
in the vessel heads. Divided cells are also de- 
scribed. 

The design of electroorganic reactor systems, 
in regard to hydraulic and electrical distribution 
schemes, is described by D. E. Danly in Emerging 
Opportunities for Electroorganic Processes , pages 
132-36. Marcel Dekker, Inc.. New York (1984). 

SU 1,666.581 (Gribel et ai.) discloses a bipolar 
filter-press electrolytic cell for electrochemical 
fluorination. 

U.S. Patent Nos. 4.139,447 (Faron et al.) and 
4,950,370 (Tarancon) describe the use of bipolar 
flow cells in the production of fluorine. 

Briefly, in one aspect, this invention provides 
an undivided electrolytic cell or electrochemical 
reactor for use in electrochemical fluorination 
(ECF). This cell comprises a vessel made of, or 
lined with, a material which is essentially inert to 
anhydrous hydrogen fluoride and which is prefer- 
ably electrically-insulating, e.g., poly(vinylidene flu- 
oride). The vessel can be made to be liquid-tight, 
so as to prevent leakage of the hazardous anhy- 
drous hydrogen fluoride even under superat- 
mospheric pressure. A bipolar electrode stack or 
pack is mounted within the vessel, the stack com- 
prising a plurality of at least three substantially 
parallel, spaced-apart electrodes made of an elec- 
trically-conductive material, such as nickel, which is 
essentially inert to anhydrous hydrogen fluoride 
and which, when used as an anode, is also active 
for electrochemical fluorination. The electrodes of 
the electrode stack are arranged in either a series 
or a series-parallel electrical configuration, prefer- 
ably a series configuration, and each electrode has 
at least one electrochemically-active surface and 
other surfaces, e.g., the ends and the longitudinal 
edges, which are electrically-insulated. The cell has 
an inlet for introducing electrolyte, viz., the anhy- 
drous hydrogen fluoride and fluorinatable organic 
compound, into one end of the vessel and an outlet 



for removing fluorlnated product-containing elec- 
trolyte from the other end of the vessel. Between 
the electrochemically-active surfaces of the elec- 
trodes are a plurality of channels for the flow of 

5 liquid electrolyte therebetween. The cell further 
comprises essentially Inert, electrically-insulating, 
substantially liquid-tight means, made of, e.g., poly- 
(tetrafluoroethylene)-coated steel, to divide the inte- 
rior of the vessel into an inlet chamber and an 

10 outlet chamber, and to direct the flow of the elec- 
trolyte through the channels; and means, preferably 
sealed or liquid-tight means, for applying a voltage 
difference across the electrode stack to cause a 
direct current to flow through each electrode. 

75 Preferably, the cell of the invention further 

comprises first and second sets of essentially inert, 
electrically-insulating means, hereinafter called 
shunt reducers, which are sealably affixed, i.e., 
affixed in a liquid-tight manner, to the ends of the 

20 electrodes adjacent to the inlet and the outlet, 
respectively; and essentially inert, electrically-in- 
sulating spacer means sealably affixed to, and 
completely covering, the longitudinal edges of the 
electrodes, the spacer means spacing apart the 

25 electrodes so as to define a plurality of channels 
for the flow of liquid electrolyte therebetween. The 
shunt reducer and spacer means serve to reduce 
shunt currents during operation of the cell. For 
example, electrically-insulating pieces of plastic 

30 can be fitted to the ends or to the longitudinal 
edges of the electrodes, or the ends of the elec- 
trodes can be coated with an electrically-insulating 
plastic. Each of the first set of shunt reducers 
contains or defines in part at least one flow pas- 

35 sageway which communicates at one end with the 
inlet chamber and at the other end with a channel, 
each passageway being of appropriate size and 
shape, e.g., of appropriate length, cross-sectional 
area, and hydraulic radius, to minimize shunt cur- 

40 rents during operation of the cell without creating 
an excessive pressure drop, and to distribute elec- 
trolyte uniformly to the channel with which the 
passageway communicates so as to form a plural- 
ity of concurrently-flowing, substantially parallel 

45 streams of electrolyte. Each of the second set of 
shunt reducers contains or defines in part at least 
one flow passageway which communicates at one 
end with said channel and at the other end with the 
outlet chamber, each passageway being of appro- 

50 priate size and shape (which can be different from 
that of the passageways in the first set of shunt 
reducers, e.g., to accommodate a reduction in elec- 
trolyte density due to bubble formation) to mini- 
mize shunt currents without creating an excessive 

55 pressure drop. Shunt reducers and spacer means 
are preferred for use in the cell of the invention 
because shunt current losses are common in bi- 
polar cells and are even more likely in a bipolar 
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ECF cell, due to the higher conductivity of the 
electrolyte and the higher voltages utilized. 

In another aspect, this invention provides an 
electrochemical fluorination process comprising 
passing by forced convection a liquid mixture 
(electrolyte) comprising anhydrous hydrogen flu- 
oride and fluorinatable organic compound, at a 
temperature and pressure at which a substantially 
continuous liquid phase is maintained, via channels 
between the electrodes of a bipolar electrode stack 
to which a voltage difference is applied to produce 
a direct current which causes the production of 
fluorinated organic compound, the stack compris- 
ing a plurality of at least three substantially parallel, 
spaced-apart electrodes made of an electrically- 
conductive material which is essentially inert to 
anhydrous hydrogen fluoride and which, when used 
as an anode, is also active for electrochemical 
fluorination, the electrodes being arranged in either 
a series or a series-parallel electrical configuration, 
preferably series. Preferably, the liquid mixture is 
passed between electrodes having sealably affixed 
shunt reducers. 

The process of the invention preferably com- 
prises introducing, preferably continuously, anhy- 
drous hydrogen fluoride and fluorinatable organic 
compound into an electrolytic cell or vessel so as 
to form a liquid mixture comprising anhydrous hy- 
drogen fluoride and fluorinatable organic com- 
pound; dividing the mixture into a plurality of con- 
currently-flowing, parallel streams; passing the 
streams by forced convection, at a temperature 
and pressure at which a substantially continuous 
liquid phase is maintained, via channels between 
the electrodes of a bipolar electrode stack to which 
a voltage difference is applied to produce a direct 
current which causes the production of fluorinated 
organic compound, the stack comprising a plurality 
of at least three substantially parallel, spaced-apart 
electrodes made of an electrically-conductive ma- 
terial which is essentially inert to anhydrous hy- 
drogen fluoride and which, when used as an anode, 
Is also active for electrochemical fluorination, the 
electrodes being arranged in either a series or a 
series-parallel electrical configuration, preferably 
series; combining into a single product stream the 
plurality of streams as they exit the channels, the 
product stream comprising anhydrous hydrogen 
fluoride and fluorinated organic compound; and re- 
moving, preferably continuously, the single product 
stream from the cell. The process thus preferably 
utilizes parallel flow, rather than series flow, i.e., the 
liquid mixture is preferably passed through the 
electrode stack in the form of a plurality of concur- 
rently-flowing, parallel streams rather than in the 
form of a single stream flowing sequentially 
through the channels between the electrodes of the 
stack. The forced convection of the liquid can be 



effected means such as pumping or stirring, prefer- 
ably by pumping. 

The electrochemical fluorination (ECF) cell and 
process of the invention utilize bipolar electrodes 

5 and thereby are not subject to disadvantages of the 
monopolar electrical connections typically used in 
ECF cells. One advantage provided by such a 
bipolar electrode assembly is lower resistive heat- 
ing in the electrical connection from the bus bar to 

10 the electrode stack. Since resistive heating is les- 
sened, the product output limitations resulting from 
the resistive heating problems of monopolar elec- 
trode assemblies are overcome. The bipolar nature 
of the cell and process enables the construction 

75 and use of large, high-capacity cells which run on 
low currents, thus eliminating the need for the 
heavy-duty, high-cost electrical conductors, trans- 
formers, rectifiers, and bus-work required for the 
necessarily high-current operation of large, mon- 

20 opolar cells. Furthermore, power costs are lower for 
bipolar cells, as transformer and rectifier systems 
are more efficient when the direct current is pro- 
duced at a higher voltage. 

The ECF process of the invention not only 

25 utilizes a bipolar electrode system, but also utilizes 
forced convection, preferably by pumping, to pass 
a liquid mixture through the electrode stack or 
stacks. The use of forced convection enables effi- 
cient heat removal and provides for uniform contact 

30 of the liquid with the electrode surfaces. This re- 
sults in higher heat transfer and mass transfer 
coefficients and in better control of both reactant 
concentration and charge transfer than can be 
achieved in conventional ECF processes, which 

35 typically rely on bubble-driven circulation. Further, 
the above-described, preferred parallel flow of the 
liquid mixture through the electrode stack or stacks 
can be achieved with simpler manifolding and pro- 
vides both a lower pressure drop and a lower 

40 temperature rise across the cell than does series 
flow. 

In the accompanying drawing, 

FIG. 1 is an isometric view in partial cross- 
section of one embodiment of the electrochemical 
45 fluorination cell of this invention. 

FIG. 2 is a broken isometric view in partial 
cross-section of a plurality of assembled shunt 
reducers of FIG. 1. 

FIG. 3 is a transverse cross-sectional view of 
50 the electrochemical fluorination cell of FIG. 1 taken 
along the plane 3-3 and showing a cross-section of 
the entire cell. 

FIG. 4 is a detailed cross-sectional view of a 
portion of the electrical connector and adjacent 
55 insulation layer and electrode stack of FIG. 1. 

FIG. 5 is a cross-sectional view of the assem- 
bled shunt reducers of FIG. 2 taken along the plane 
5-5. 
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FIG. 6 is a schematic diagram of the elec- 
trochemical fluorlnation cell of FIG. 1 and its asso- 
ciated supply and recovery apparatus. 

Referring now to the accompanying drawing. 
FIG. 1 shows a preferred embodiment, generally 
designated by reference number 11, of the elec- 
trochemical fluorinatlon cell of the Invention (a bi- 
polar flow cell) comprising a cell vessel or casing 
12 which is made of. or lined with, a material which 
is essentially inert to anhydrous hydrogen fluoride 
and which is preferably electrically-insulating. Ex- 
amples of such materials include plastics such as 
polypropylene, ultra high molecular weight polyeth- 
ylene, poly(vinylldene fluoride), poly- 
(tetrafluoroethylene). and poly- 

(chlorotrlfluoroethylene). Poly(vinylidene fluoride) is 
generally preferred due to its resistance to anhy- 
drous hydrogen fluoride and its ease of fabrication. 
When the ceil vessel is lined with plastic, the 
vessel itself can be made of, e.g., steel. The vessel 
12 can have a removable vessel head 12a and is 
provided with an inlet 13, which can be fitted with a 
valve not shown, for introducing liquid anhydrous 
hydrogen fluoride and fluorinatable organic com- 
pound, e.g., tripropyl amine, into the vessel to form 
a liquid mixture comprising anhydrous hydrogen 
fluoride and fluorinatable organic compound, and is 
provided with an outlet 14, which can also be fitted 
with a valve, for removing a product stream com- 
prising anhydrous hydrogen fluoride and fluorinated 
organic compound, e.g., perfluoro(tripropyl amine), 
from the vessel. A bipolar electrode stack 16 Is 
mounted, preferably suspended, within the vessel 
12 by means of electrically-insulated brackets 17. If 
desired, a plurality of bipolar electrode stacks can 
be utilized. The brackets 17 attach by fastening 
means such as bolts, screws, or pins to a seal 
plate 18, made of plastic or plastic coated metal, 
e.g., poly(vinylidene fluoride)-coated steel, which 
attaches to the vessel 12 by means such as 
flanges and serves to prevent the liquid mixture 
from bypassing the electrode stack 16. Alternative- 
ly, the brackets 1 7 can attach directly to the vessel 
12, and other substantially llquld-tlght means, e.g., 
solid filler or packing which Is electrically-insulating 
and essentially inert to anhydrous hydrogen flu- 
oride, can be utilized to prevent liquid bypass, i.e., 
to direct the liquid mixture through electrode stack 
16 as will be described below. If desired, the seal 
plate 18 can contain a small hole to enable drain- 
age of electrolyte from the outlet chamber prior to 
disassembly of the cell. 

The bipolar electrode stack 16 includes at least 
three electrode plates 15 which are preferably rec- 
tangular In shape and which are arranged so as to 
be longitudinally aligned in a substantially parallel, 
spaced-apart relationship. The electrodes 15 are 
made of a material which is both electrically-con- 



ductive and essentially inert to anhydrous hydro- 
gen fluoride and which, when used as an anode, is 
also active for electrochemical fluorlnation, for ex- 
ample, nickel or platinum. Nickel is generally pre- 

5 ferred because it is less expensive. Since the elec- 
trodes 15 are arranged so as to be electrically in 
series, the outermost electrodes 15a of the stack 
16 are monopolar (with one electrochemically-ac- 
tive surface) and the interior electrode or elec- 

10 trodes are bipolar (with two electrochemically-ac- 
tive surfaces). 

The electrodes 1 5 of the electrode stack 1 6 are 
separated or spaced apart by side spacers 19 (see 
FIG. 2 and FIG. 5) disposed between the elec- 

75 trodes 15 to define a plurality of channels 20 (see 
FIG. 2 and FIG, 3) therebetween. The spacers 19 
are rectangular in shape and are notched so that 
they can fit onto and completely cover the longitu- 
dinal edges of the electrodes 15. The spacers 19 

20 extend the full length of the electrodes plus the 
length of shunt reducers 21 (see FIG. 1, FIG. 2, 
and FIG. 5), which are fitted onto the ends of the 
electrodes. The spacers 19 and the reducers 21 
are made of an electrically-insulating material 

25 which Is essentially Inert to anhydrous hydrogen 
fluoride. For example, polypropylene, ultra high 
molecular weight polyethylene, poly(vinylldene flu- 
oride), and poly(chlorotrifluoroethylene) can be uti- 
lized to make the spacers 1 9 and the reducers 21 . 

30 Ultra high molecular weight polyethylene Is gen- 
erally preferred from a cost perspective. If desired, 
additional spacing means can be utilized t)etween 
opposing electrode faces to further ensure elec- 
trode separation. 

35 The shunt reducers 21 can be rectangular flat 

sheets which contain on one face a plurality of 
longitudinally aligned, spaced apart, parallel 
grooves which can be modified in shape at their 
ends, e.g., by flaring or by other known techniques 

40 used In designing flow passageways, if desired, to 
reduce or minimize entrance- and exit-effect pres- 
sure drops. When the reducers 21 are assembled 
with the grooved faces overiaid by the flat or non- 
grooved faces of contiguous reducers, flow pas- 

45 sageways or subchannels 22 are defined. The sub- 
channels 22 in the shunt reducers 21 which are 
fitted to the ends of the electrodes 15 adjacent to 
inlet 13 communicate at one end with inlet cham- 
ber 25 (see FIG. 1) and at the other end with the 

50 channels 20 between the electrodes 15. The sub- 
channels 22 in the shunt reducers 21 which are 
fitted to the ends of the electrodes 15 adjacent to 
outlet 14 communicate at one end with the chan- 
nels 20 and at the other end with outlet chamber 

55 35. Although FIG. 2 and FIG. 5 show a preferred 
shape for the subchannels 22. other shapes can be 
utilized. The end portions of the electrodes 15 each 
fit in a recessed portion 30 (see FIG. 2) of the non- 
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grooved face of each of the reducers 21. The 
reducers 21 are of sufficient length and the sub- 
channels 22 are of appropriate size and shape to 
distribute liquid uniformly to each of the channels 
20 and to reduce shunt current losses (to prefer- 
ably less than about 10% of the total current), 
without creating an excessive pressure drop. The 
size and shape, e.g., the length, cross-sectional 
area, and hydraulic radius, necessary for a particu- 
lar electrolyte flow and shunt current limitation can 
be determined by calculation, as described by D. 
E. Danly in Emerging Opportunities for Electroor- 
ganic Processes , pages 166-174. Marcel Dekker, 
Inc.. New York (1984). Since conventional sealants 
typically are not inert to anhydrous hydrogen flu- 
oride and thus generally cannot be utilized in elec- 
trochemical fluorination cells, the side spacers 19 
and the shunt reducers 21 are preferably fitted so 
as to be liquid-tight. This constrains the liquid mix- 
ture to a flow path, as will be described below, 
through the channels 20. If desired, each set of 
shunt reducers 21 can be in the form of a one- 
piece shunt reducer affixed to the electrode stack 
and fabricated to contain flow passageways. Fitted 
shunt reducers are preferred, as they provide flexi- 
bility in fabrication and design of the flow passage- 
way. 

The electrode stack 16, fitted with the side 
spacers 19 and the shunt reducers 21, can be held 
together by compression means, for example, one 
or more tie rods 40 (see FIG. 2 and FIG. 5) which 
extend through the reducers 21 between the sub- 
channels 22. An insulation layer 23 (see FIG. 1), 
comprising a flat, preferably rectangular sheet 
made of an electrically-insulating material which is 
essentially inert to anhydrous hydrogen fluoride, 
can be disposed on the exterior face of each of the 
outermost electrodes 15a of the electrode stack 16 
and serves to Insulate the exterior faces from elec- 
trolyte, while also providing mechanical support to 
the electrode stack 16. If desired, a metal, for 
example, nickel, layer or frame, such as angle 
brackets 26 connected by tie rods, can be dis- 
posed exterior to the insulation layer 23 to provide 
additional mechanical support to the electrode 
stack 16. 

Direct electrical current is supplied to the elec- 
trode stack 16 by means of electrical connectors 
24, which are cylindrical in shape and radially 
protrude from the cell vessel 12 at locations Inter- 
mediate to the inlet 13 and the outlet 14. The 
electrical connectors 24 include an electrode post 
27 (see FIG. 4) made of copper or another conduc- 
tive metal such as nickel. The post 27 is preferably 
circular in cross-section and, if additional mechani- 
cal strength Is desired, is disposed In tubing 28 
made of a material which has greater mechanical 
strength than copper, for example, nickel, steel, or 



alloys such as Monel™ (an alloy of predominately 
nickel and copper). The tubing 28 threadably en- 
gages a cup-shaped adaptor 29 and thereby seats 
the post 27 in the self-holding taper of adaptor 29, 

5 generally leaving a space between the adaptor 29 
and the post 27. The adaptor 29, made of an 
electrically-conductive material which is essentially 
inert to anhydrous hydrogen fluoride, e.g., nickel or 
platinum, Is disposed In a complementary hole 

70 which extends through both Insulation layer 23 and 
outermost electrode 15a. To complete the electrical 
connection, adaptor 29 Is welded to outermost 
electrode 15a. Tubing 28 is disposed in a plastic 
sheath 32 so as to form an annular space between 

75 the tubing 28 and the sheath 32. A cutaway portion 
of sheath 32 accommodates a plurality of chevron 
seals 33, made of an electrically-Insulating material 
which is essentially inert to anhydrous hydrogen 
fluoride, e.g.. polypropylene, ultra high molecular 

20 weight polyethylene, poly(vinylidene fluoride), poly- 
(tetrafluoroethylene), or poly- 

(chlorotrifluoroethylene), and also accommodates 
one or more wave springs 34 supported by a metal 
washer 36. The seals 33 contact a plastic ring 37. 

25 which is melt-welded to the Insulation layer 23 and 
serves to insulate the adaptor 29 from liquid anhy- 
drous hydrogen fluoride. The plastic sheath 32, 
seals 33, and ring 37 collectively function to seal 
the electrical connectors 24 from anhydrous hy- 

30 drogen fluoride. Alternatively, the connectors 24 
can be sealed by having sheath 32 threadably 
engage insulation layer 23. Other means of sealing 
that will be apparent to those skilled In the art can 
also be utilized. 

35 Cell 1 1 is associated with supply and recovery 

apparatus in the form of pump 41 (see FIG. 6), 
which feeds streams of anhydrous hydrogen flu- 
oride 45 and fluorinatable organic compound 48 to 
cell 11; vapor-liquid separator 42. which receives 

40 the cell effluent and enables the separation of 
liquid and gaseous effluent; pump 43, which can be 
used for transfer of the liquid effluent from vapor- 
liquid separator to product separator 44. which can 
be a distillation unit, extraction unit, or other type of 

45 product recovery unit, or which can function to 
collect the liquid effluent and enable its phase- 
separation into top and bottom liquid phases; gas 
cooler 47, which receives the gaseous effluent; and 
cooler 46, which receives from separator 42 the 

50 condensed gaseous effluent from gas cooler 47 
and the top liquid phase of the liquid effluent from 
product separator 44. 

In operation, anhydrous hydrogen fluoride and 
fluorinatable organic compound are pumped by 

55 means of pump 41 (see FIG. 6) into cell 11 through 
inlet 13 (see FIG. 1). The liquid mixture fills inlet 
chamber 25 and is directed by means of seal plate 
18 through the subchannels 22 In the shunt reduc- 
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ers 21 at the inlet end of the cell. The liquid 
mixture flows through the channels 20 between the 
electrodes 15 of electrode stack 16. to which a 
voltage difference is applied by means of electrical 
connectors 24 to produce a direct current which 
can cause the fluorination of the fluorlnatable or- 
ganic compound, e.g.. 4-8 volts per anode-cathode 
pair After passage of the liquid mixture through the 
electrode stack 16. the resulting effluent, compris- 
ing anhydrous hydrogen fluoride, fluorinated or- 
ganic compound, and hydrogen, then passes 
through the subchannels 22 In the shunt reducers 
21 at the outlet end of cell 11 and through outlet 
chamber 35 before exiting the cell through outlet 
14. 

Next, the effluent enters vapor-liquid separator 
42 (see FIG. 6), from which the liquid phase is 
transferred, optionally, by means of pump 43. to 
product separator 44, where, when perfluorinated 
product has been produced, it phase-separates. 
The bottom liquid phase, comprising fluorinated 
organic compound, is removed from product sepa- 
rator 44 continuously, semi-contlnuously, or batch- 
wise, and the top liquid phase, comprising anhy- 
drous hydrogen fluoride and fluorlnatable organic 
compound, is returned to vapor-liquid separator 42, 
from which it is passed through cooler 46 and 
recycled, preferably continuously, back to pump 41 
and cell 11. Meanwhile, the vapor phase of the 
effluent in vapor-liquid separator 42 is passed 
through gas cooler 47 to condense the condensible 
portion. The condensed gases are returned to va- 
por-liquid separator 42, where they are combined 
with the above-described top liquid phase and then 
passed through cooler 46 and recycled, preferably 
continuously, back to pump 41 and cell 11. Any 
noncondensible gases are vented from gas cooler 
47. 

The organic compounds which can be utilized 
as starting materials in the process of the invention 
are those which are "fluorlnatable," I.e., those 
which contain carbon-bonded hydrogen atoms 
which are replaceable by fluorine and can contain 
carbon-carbon unsaturatlon which Is saturateable 
with fluorine. Representative examples of com- 
pounds which can be fluorinated by the process of 
this Invention include organic acid halides, ethers, 
esters, amines, amino ethers, aliphatic hydrocar- 
bons, halohydrocarbons, and divalent and hexava- 
lent sulfur compounds. The ECF of these com- 
pounds can be enhanced in many cases by adding 
conventional conductivity additives such as sodium 
fluoride, acetic anhydride, or an organic sulfur- 
containing additive such as that described in U.S. 
Patent Nos. 3,028.321 (Danielson); 3.692,643 (Hol- 
land); and 4.739,103 (Hansen). 

This invention is further illustrated by the fol- 
lowing examples, but the particular materials and 



amounts thereof recited in these examples, as well 

as other conditions and details, should not be con- 
strued to unduly limit this invention. 

5 EXAMPLES 

Exannple 1 

This example describes the electrochemical 

70 fluorination (ECF) of tripropyl amine using an ECF 
cell of this invention containing a bipolar electrode 
stack with sealably affixed shunt reducers formed 
by coating the ends of the electrodes with poty- 
(vinylidene fluoride). 

75 400 g tripropyl amine and 9 kg anhydrous 
hydrogen fluoride (AHF) were pumped through the 
inlet and into the inlet chamber of a cell vessel 
which contained a bipolar electrode stack, forming 
a liquid electrolyte solution. The bipolar stack com- 

20 prised two outermost monopolar electrodes and 
three interior bipolar electrodes, each having di- 
mensions of 946 mm X 51 mm X 2 mm, and each 
bearing shunt reducers formed by applying a 0.076 
mm thick coating of poly(vinytidene fluoride) to 

25 each electrode end for a length of 152 mm. The 
electrodes were made of nickel and were spaced 2 
mm apart. 

The cell was operated continuously at 20.1 
volts. 21 amps. 50 * C, and 308 kPa, and the elec- 

30 trolyte solution was continuously passed through 
the channels between the electrodes of the bipolar 
electrode stack at a flow rate of 5.9 kg/min. An 
additional 7 g of tripropyl amine was pumped Into 
the inlet chamber of the vessel through the Inlet 

35 while hydrogen gas evolution was measured. The 
product-containing electrolyte resulting from the 
fluorination flowed into the outlet chamber of the 
vessel and through the outlet and was delivered to 
a vapor-liquid separator where the gaseous product 

40 mixture was separated from the liquid product mix- 
ture. A portion of the liquid product mixture was 
transferred to a product separator where it phase 
separated into an upper AHF-containing phase and 
a lower fluorinated product phase. The upper 

45 phase was continuously returned to the cell via the 
inlet. The current efficiency for hydrogen evolution 
was estimated to be 89% by measuring the volume 
of hydrogen gas evolved over a period of time. A 
similar run using a monopolar electrode stack had 

50 a current efficiency of 95%, indicating that shunt 
current losses for the bipolar run were quite low, 
i.e., about 6% of the total current. 

Example 2 

55 

This example describes the electrochemical 
fluorination (ECF) of octane sulfonyl fluoride using 
an ECF cell of this Invention containing a bipolar 
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electrode stack with sealably fitted shunt reducers 
made of ultra high molecular weight polyethylene. 

9 kg anhydrous hydrogen fluoride (AHF) and a 
solution of 0.3 kg octane sulfonyl fluoride in 0.2 kg 
dimethyl disulfide (DMOS) conductivity additive 
were pumped through the inlet and into the inlet 
chamber of a cell vessel which contained a bipolar 
electrode stack, forming a liquid electrolyte solu- 
tion. The bipolar stack comprised two outermost 
monopolar electrodes and two interior bipolar elec- 
trodes, each having dimensions of 740 mm X 26 
mm X 2 mm and each bearing fitted shunt reduc- 
ers on both electrode ends. The shunt reducers 
were made of ultra high molecular weight polyeth- 
ylene and were sealably fitted to the electrode 
ends by means of carefully-machined recessed 
portions of the reducers. Each reducer contained a 
machined electrolyte flow passageway which ex- 
tended the length of the reducer (152 mm) and 
which was approximately lOmm^ in cross-sectional 
area. The electrodes were made of nickel and were 
spaced 3.2 mm apart. 

The cell was operated continuously at 15.0- 
22.2 volts, 10-47 amps, 53*0, and 315 kPa, and 
the electrolyte solution was continuously passed 
through the channels between the electrodes of the 
bipolar electrode stack at a flow rate of 2.7-8.0 
kg/min. Additional fluorinatable organic compound 
was pumped through the inlet and into the inlet 
chamber of the vessel in the form of a solution of 
0.2 kg DMDS in 3.1 kg octane sulfonyl fluoride; an 
estimated additional 6.7 kg AHF was also added 
during the operation. The cell effluent, after passing 
through the outlet chamber and the outlet of the 
vessel, was delivered to a vapor-liquid separator 
where the gaseous product mixture was separated 
from the liquid product mixture. The gaseous prod- 
uct mixture was condensed in a -40* C condenser, 
while the liquid product mixture was phase-sepa- 
rated to yield an upper AHF-containing phase and 
a lower fluorinated product phase which was sepa- 
rated from the upper phase by draining to yield 3.1 
kg of crude fluorinated products. The upper phase 
was continuously returned to the cell via the inlet. 
The crude fluorinated products were filtered using 
glass wool, and gas chromatographic analysis of 
the filtered crude indicated that a 64% by weight 
yield of perfluoro (octane sulfonyl fluoride) had 
been obtained. The current efficiency for hydrogen 
evolution was estimated to be 93% by measuring 
the volume of hydrogen gas evolved over a period 
of time. A similar run using a monopolar electrode 
stack had a current efficiency of 94%, indicating 
that shunt current losses for the bipolar run were 
quite low, I.e., about 1% of the total current. 



Example 3 

This example describes the electrochemical 
fluorinatlon (ECF) of tributyl amine using an ECF 

5 cell containing a bipolar electrode stack with poly- 
(tetrafiuoroethylene) shunt reducers which were at- 
tached in a butt-joint manner, rather than being 
sealably affixed. 

9 kg anhydrous hydrogen fluoride (AHF) and a 

10 solution of 260 g tributyl amine in 16 g dimethyl 
disulfide (DMDS) conductivity additive were 
pumped through the Inlet and into the inlet cham- 
ber of a cell vessel which contained a bipolar 
electrode stack, forming a liquid electrolyte solu- 

75 tion. The bipolar stack comprised two outermost 
monopolar electrodes and three interior bipolar 
electrodes, each having dimensions of 946 mm X 
60 mm X 2 mm and each bearing shunt reducers 
in the form of 50 mm long X 60 mm wide X 2 mm 

20 thick strips of poly(tetrafluoroethylene) on both 
electrode ends. The reducers were attached to the 
electrodes in a butt-joint manner. The electrodes 
were made of nickel and were spaced 2.4 mm 
apart. 

25 The cell was operated continuously at 22.2- 
24.5 volts, 50-100 amps, 54 •C, and 413 kPa, and 
the electrolyte solution was continuously passed 
through the channels between the electrodes of the 
bipolar electrode stack at a flow rate of 4-5.5 

30 kg/min. Additional fluorinatable organic compound 
was pumped through the inlet and into the inlet 
chamber of the vessel in the form of a solution of 
330 g DMDS in 8.2 kg tributyl amine; an estimated 
additional 19.5 kg AHF was also added during the 

35 operation. The cell effluent, after passing through 
the outlet chamber and the outlet of the vessel, 
was delivered to a vapor-liquid separator, where 
the gaseous product mixture was separated from 
the liquid product mixture. The gaseous product 

40 mixture was condensed in a -40 condenser, 
while the liquid product mixture was phase-sepa- 
rated to yield an upper AHF phase and a lower 
fluorinated product phase which was separated 
from the upper phase by draining to yield 16.3 kg 

45 of crude fluorinated products. The upper phase 
was continuously returned to the cell via the inlet. 
The current efficiency for hydrogen evolution was 
estimated to be 53-72% by measuring the volume 
of hydrogen gas evolved over a period of time. A 

50 similar run using a monopolar electrode stack had 
a current efficiency of 94%, indicating that shunt 
current losses for the bipolar run were about 22- 
41% of the total current. 

55 Example 4 



This example describes the electrochemical 
fluorinatlon (ECF) of octane sulfonyl fluoride using 
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an EOF cell containing a bipoiar electrode stack 
with poly{tetrafluoroethy(ene) shunt reducers which 
were attached in a butt-joint manner, rather than 
being sealably affixed. 

150 g octane sulfonyl fluoride and 9 kg anhy- 
drous hydrogen fluoride (AHF) were pumped 
through the inlet and into the inlet chamber of a 
cell vessel which contained a bipoiar electrode 
stack, forming a liquid electrolyte solution. The 
bipolar stack comprised two outermost monopolar 
electrodes and two Interior bipolar electrodes, each 
having dimensions of 946 mm X 60 mm X 2 mm 
and each bearing shunt reducers in the form of 50 
mm long X 60 mm wide X 2 mm thick strips of 
poly(tetrafluoroethylene) on both electrode ends. 
The reducers were attached to the electrodes in a 
butt-joint manner. The electrodes were made of 
nickel and were spaced 2 mm apart. 

The cell was operated continuously at 15.6- 
22.5 volts, 30-100 amps, 50 'C, and 370 kPa, and 
the electrolyte solution was continuously passed 
through the channels between the electrodes of the 
bipolar electrode stack at a flow rate of 5-10 
kg/min. Additional fluorinatable organic compound 
was pumped through the inlet and into the inlet 
chamber of the vessel in the form of a solution of 
1.6 kg dimethyl disulfide in 24.8 kg octane sulfonyl 
fluoride; an estimated additional 45 kg AHF was 
also added during the operation. The cell effluent, 
after passing through the outlet chamber and the 
outlet of the vessel, was delivered to a vapor-liquid 
separator where the gaseous product mixture was 
separated from the liquid product mixture. The 
gaseous product mixture was condensed in a 
-40 condenser, while the liquid product mixture 
was phase-separated to yield an upper AHF phase 
and a tower fluorinated product phase which was 
separated from the upper phase by draining to 
yield 45.1 kg of crude fluorinated products. The 
upper phase was continuously returned to the cell 
via the inlet. The crude fluorinated products were 
filtered using glass wool, and gas chromatographic 
analysis of the filtered crude indicated that a 64% 
by weight yield of perfluoro (octane sulfonyl flu- 
oride) had been obtained. The current efficiency for 
hydrogen evolution was estimated to be 85% by 
measuring the volume of hydrogen gas evolved 
over a period of time. A similar run using a mon- 
opolar electrode stack had a current efficiency of 
94%, indicating that shunt current losses for the 
bipolar run were about 9% of the total current. 

Various modifications and alterations of this 
invention will become apparent to those skilled in 
the art without departing from the scope and spirit 
of this invention. 



Claims 

1. An electrochemical fiuorination cell comprising 
a vessel which is essentially inert to anhydrous 

s hydrogen fluoride; a bipolar electrode stack 

mounted within said vessel, said stack com- 
prising a plurality of substantially parallel elec- 
trodes made of an electrically-conductive ma- 
terial which is essentially inert to anhydrous 

10 hydrogen fluoride and which, when used as an 
anode, is active for electrochemical fiuorina- 
tion, said electrodes being spaced apart so as 
to form a plurality of channels for the flow of 
liquid electrolyte therebetween and being ar- 

75 ranged in either a series or a series-parallel 
electrical configuration; an inlet for introducing 
electrolyte into one end of said vessel; an 
outlet for removing electrolyte from the other 
end of said vessel; essentially inert, electri- 

20 cally-insulating, substantially liquid-tight means 

for dividing the interior of said vessel into an 
inlet chamber and an outlet chamber and for 
directing the flow of liquid electrolyte through 
said channels: and means for applying a volt- 

25 age difference across said electrode stack to 

cause a direct current to flow through each 
said electrode. 

2. The cell of Claim 1 wherein said vessel is also 
30 electrically-insulating and wherein said elec- 
trical configuration is a series configuration. 

3. The cell of Claim 1 or 2, further comprising a 
first set of essentially inert, electrically-insulat- 

35 ing shunt reducers sealably affixed to the ends 

of said electrodes adjacent to said inlet, each 
said reducer containing or defining in part at 
least one flow passageway which communi- 
cates at one end with said inlet chamber and 

40 at the other end with one of said channels, 

each said passageway being of appropriate 
size and shape to minimize shunt currents 
during operation of said celt without creating 
an excessive pressure drop and to distribute 

45 electrolyte uniformly to the channel with which 

said passageway communicates so as to form 
a plurality of concurrently-flowing, substantially 
parallel streams of electrolyte; a second set of 
essentially inert, electrically-insulating shunt re- 

50 ducers sealably affixed to the ends of said 

electrodes adjacent to said outlet, each of said 
latter reducers containing or defining in part at 
least one flow passageway which communi- 
cates at one end with one of said channels and 

55 at the other end with said outlet chamber, each 

of said tatter passageways being of appropriate 
size and shape to minimize shunt currents 
without creating an excessive pressure drop; 
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oride and fluorinatable organic compound into 
an electrolytic cell so as to form a liquid mix- 
ture comprising anhydrous hydrogen fluoride 
and fluorinatable organic compound: dividing 
5 said mixture into a plurality of concurrently- 

flowing, parallel streams; passing said streams 
by forced convection, at a temperature and 
pressure at which a substantially continuous 
liquid phase is maintained, via channels be- 
70 tween the electrodes of a bipolar electrode 
stack to which a voltage difference Is applied 
to produce a direct current which causes the 
production of fluorinated organic compound, 
said stack comprising a plurality of said elec- 
75 trodes, which are substantially parallel, spaced- 
apart, and made of an electrically-conductive 
material which is essentially inert to anhydrous 
hydrogen fluoride and which, when used as an 
anode, is active for electrochemical fluorlna- 
20 tlon; combining into a single product stream 
said plurality of streams as they exit said chan- 
nels, said product stream comprising anhy- 
drous hydrogen fluoride and fluorinated organ- 
ic compound; and removing said single prod- 
25 uct stream from said cell. 

10. The process of Claim 9 wherein said introduc- 
tion and said removal are carried out continu- 
ously and wherein the process further com- 
30 prises the steps of continuously separating a 



and essentially inert, electrically-insulating 
spacer means sealably affixed to, and com- 
pletely covering, the longitudinal edges of said 
electrodes, said spacer means spacing apart 
said electrodes so as to define a plurality of 
channels for the flow of liquid electrolyte there- 
between. 

4. The cell of Claim 3 wherein said first set and 
said second set of shunt reducers are sealab- 
ly-affixed pieces of plastic fitted to the ends of 
said electrodes and wherein said means for 
applying a voltage to said electrodes is sealed. 

5. An electrochemical fluorination process com- 
prising passing by forced convection a liquid 
mixture comprising anhydrous hydrogen flu- 
oride and fluorinatable organic compound, at a 
temperature and pressure at which a substan- 
tially continuous liquid phase is maintained, 
between the electrodes of a bipolar electrode 
stack to which a voltage difference is applied 
to produce a direct current which causes the 
production of fluorinated organic compound, 
said stack comprising a plurality of said elec- 
trodes, which are substantially parallel, spaced- 
apart, and made of an electrically-conductive 
material which is essentially inert to anhydrous 
hydrogen fluoride and which, when used as an 
anode, is active for electrochemical fluorina- 
tion, said electrodes being arranged in either a 
series or a series-parallel electrical configura- 
tion. 

6. The process of Claim 5 wherein said forced 35 
convection is effected by pumping and 
wherein said electrical configuration is a series 
configuration. 

7. The process of Claim 5 or 6 wherein said 40 
electrodes have sealably-affixed shunt reduc- 
ers. 

8. An electrochemical fluorination process com- 
prising passing by forced convection a liquid 45 
mixture comprising anhydrous hydrogen flu- 
oride and fluorinatable organic compound, at a 
temperature and pressure at which a substan- 
tially continuous liquid phase is maintained, 
through the electrochemical fluorination cell of so 
Claim 1 , said electrode stack being maintained 

at a voltage difference which produces a direct 
current through said electrodes which causes 
the production of fluorinated organic com- 
pound. 55 

9. An electrochemical fluorination process com- 
prising introducing anhydrous hydrogen flu- 



portion of said single product stream from the 
remainder of said single product stream and 
continuously returning said portion to said cell. 

11. The process of any of Claims 5 to 10 wherein 
said fluorinatable organic compound is select- 
ed from the group consisting of tripropyl 
amine, octane sulfonyl fluoride, and tributyl 
amine and wherein said fluorinated organic 
compound is selected from the group consist- 
ing of perfluoro(tri propyl amine), perfluoro- 
(octane sulfonyl fluoride), and perfluoro(tributyl 
amine). 
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